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Abstract: During 1996 2006 the Ministry of Agriculture and Forestry in FinlagslAFF),
MTT Agrifood Reseaile and the Finnish Geodetic Institute performed a joint remote sensing
satellite research projedt evaluatd the applicability ofoptical satellite (Landsat, SPOT)
data for cereal yield estimations in the annual crop inventory programr. Optical
Vegettion Indices modeld:(Infrared polynomialll: NDVI, lll: GEMI, IV: PARy/FAPAR)
were validated to estimateerealbaseline yield levels {y using solely opticaharmonized
satellite data @ptical Minimum Datasgt The optimized Model Il (NDVI) vy, levd was
4,240kg/ha (R? 0.73 RMSE 297kg/hg for wheatand 4390 kg/ha(R? 0.61, RMSE 449
kg/hg for barley and Model | y, was 3,480 kg/ha foroats (R*> 0.76 RMSE 258kg/hJ.
Optical VGI yield estimates wenrealidatedwith CropWatNcrop modelyield estimatesising
SPOTand NOAA datameanR? 0.71, RMSE 436 kg/hand with composite SAR/ASAR
and NDVI models (mean B 0.61, RMSE 402 kg/hausing both reflectance and
backscattering dat&€CropWalN and Composite SAR/ASAR & NDVI modemean yield
were 47544,170 kg/ha for wheat, 4923,848 kg/ha for baley and 4992/2,935 kg/ha
for oats

Keywords: optical vegetationindices models;classification; NDVI; GEMI; FAPAR;
PAR\p; SAR/ASAR; CropWatN; LAl-bridge; Finland CAP; Kalman Filter data fusion
harmonized data
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1. Introduction

Remote sensing and optical satellite systems have been extensively exglulitaity in national
crop inventory programsThey provide valuable information especially when estimating the total
cultivation areas and yield production for coengially important crops like spring and winter wheat
(Triticum aestivuni.), durum wheat Triticum turgidumL. subsp.durum), soybean Glycine max..)
maize gZea may4..) and rice Qryza satival). Previous studies have described attempts to apply both
optical and microwave SAR (Synthetic Aperture Radar) satellite data for crop yield modeling and crop
inventory monitoring, e.g.Brown et al [1], Henning et al [2], Maas and Dunlap [3] and
Kondratyevet al [4] for wheat and maize, Shibayama and Akiyabjahd Le Toaret al [6] for rice.

Optical and microwave satellitamagery data combined with cereal crop modeling and
agrometeorological weather data has been extensively applied in crop yield inardaryltivation
areaprograms both on Paflimerican and European scaléicNairn et al [7] applied composite
multispectralapproach for Canadiamheat, maize and soybean classification by using both optical and
SAR data withNeural Networkand Decision Treeclassification techniquedn USA the Lanworth
Company [89] together with the United States Department of Agriculture (USDA) provides
commercial early crop inventories for wheat, soybean and maize. In adddiomnorth has expanded
its operations to Eastern Europe countries like Russia, Kazakhstdskeaide for wheat and also to
South America (Brazil, Argentina) for maize and soybean crop yield estimations.

The European Union (EU) has been activeagricultural remote sensing programs in order to
establish Paficuropean crop inventory mechanism tpmort EU CAP Common Agricultural Policy
policies and objectives.The Directorate General for Agriculture of EU (DGA [10]) and
EUROSTAT [11] provide annual estimates of the total wheat and other cereal yield production on
national level. Currently EU i undi ng an agricultural remot e
Agriculture with Remote Sensingd (MARS) operat
Sensing Applications (JRC/IRSAN2,13] The JRC (Space Applications Institute) thie EU is
monitoring agricultural production and cultivation areas for different crops by using remote sensing
techniques in EU countries. the JRC Narcisoet al [14] reviewed agrometeorological aspects and
requirements for common and durum wheat, barldgrdeum vujare L.), oats Avena satival..),
soybean and oil crops in Italy, Spain and Greece aegpectivelyHough[15] for UK and Ireland.

Recent research studies have applied satellite derived information combined with crop simulation
models for winter, sprincand durum wheat yield forecasting in EU crop inventory campaigns.
Dente et al [16] applied CERESWheatDSSAT crop model[17,18] combined with ENVISAT
Advanced Synthetic Aperture Radar (ASAR) and MERIS ftatdurum wheat yield potential and LAl
(Leaf Area IndeX assimilation estimations at catchment scale in southern Ity Wit and
van Diepen [19] applied dynamic WOFOSTop model [20] combined witmodified Ensemble
Kalman filter (EnKF) [21] to improve winter wheat and maize regional crop yielddaseaccuracy in
Spain, France, Italy and Germany during the 129P0 period. EnKFilter was appliedo correct low
resolution microwave satellite soil moisture estimates in the WOFOST water balance model. During
1995 2003 de Wit and van Diepen [22ppied WOFOST crop model for the EU regional winter
wheat vyield forecasting in Spain, Poland and Belgidm their study, the applicability of
MeteoSatsatellite derived weather and agrometeorological variaides testedo replace interpolated
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data from veather stations (temperature, potanspiration and radiationModeling results were
spatially aggregatedto regional and national levels amdsults were evaluatedby comparing the
simulation results of both approaches and by assessing the relationghig@JROSTAT crop yield
statidics during 19952003 This consolidation methodology approach was also optimal in modeling
study presented by Supit [23] for PBRnropean wheat forecast evaluation and for Supit and van der
Goot [24] wheat yield forecastugty in France. Supit [23] estimated national wheat Vielelsand

yield volumesfor 12 European countries during a 10 year pebgdusingmultiplicative and additive
prediction models in conjunction withend functiongor weather and nitrogen inputfe€ts.

Vegetation Indicesnodels(VGI) derived from optical and microwave satellite data have been
extensively used in recent cereal yield potential estimatMosiondo et al [25] studiedwheat yield
variation with CROPSYST modelsing NDVI (NormalizedDifference Vegetation Indeand FAPAR
Index (raction of Absorbed Photosynthetically Active RadigtiestimatesBrown et al [1] and
Henninget al [2] studied crop canopy and microwave SARrthetic Aperture Radpbackscattering
interactions. Prasaet al [26] evaluated the use &pectral Reflectance Indic€SRI) similar to VGI
indices applied in this study, for assessing grain yield variaibjl in winter wheat genotypes under
Great Plains (USA) growing conditions. Mangiarettial [27] applieda similar compositeapproacho
the oneapplied by McNairret al [7]. Both studies assimilateoptical SPOT/NDVI reflectance and
microwave ENVISAT/ASAR backscatteringata to model senrdrid herbaceous vegetation dynamics
with Step and Radiative Tramsf(RT) modelsSerranoet al [28] studied winter wheat yield and
biomass variation in Spain undeiffdrent nitrogen supply levelby using fIPARIndex (fraction of
Intercepted Photosynthetically Actiiadiation PAR in conjunction with wheat LAl cangp
development and chlorophyll A contefibhe FAPAR Index is extensively applied by the JRC of EU in
remote sensing applications (http://fapar.jrc.ec.europa.eu/Home.php). FAPAR is an indicator of the
stateand productivity of vegetationt representshe fraction of the solar energy which is absorbed by
vegetation during the plant photosynthetic process. The FAPAR algorithm minimizes the effects of
atmospheric particle scattering, the variation of different soil covers and the changing geometry
of illumination.

Research studies inorthern high latitude agricultural productionountries have focused on
integrating multispectral remote sensing technigudsch combine both optical and microwave SAR
imagery dataln Finland Kuittinen et al [29], Kuittinen[30] and Karvoneret al [31] have reviewed
spring wheat and barley yield forecasting with crop models using Landsat and SPOT data for Nordic
high latitude agricultural regions. According to Kuittinehal [29], cloudiness in northern latitudes
especidl during growing season significantly reduces the applicability of optical spectrum satellite
data. Matikainenet al [32] applied microwave ER3 and optical SPOT data for crop species
interpretation and Karjalaineret al [33] applied ENVISAT ASAR datafor spring cereal
yield monitoring.

During 1996 2006 the Ministry of Agriculture and Forestry in Finland (MAFF), MTT Agrifood
Research Finland (MTT), the Finnish Geodetic Institute (FGI) and the Technical Research Centre of
Finland (VTT, Department of Space Research) performed a joint remote sensing satellite research
project It evaluatedthe applicability of multispectral opticand SARsatellite data for cereal yield
estimations in the annual crop inventory program. Both optical and composite SABwaver
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Vegetation Indices model®/Gl) were validated to estimate spring cereal yield levels using solely
optical and SAR satellitdata.

In Finland the applicability ofmultispectral classifying techniquésr different agricultural crops
(e.g, McNairn et al. [7] for Canadian growing conditions) is less relevant, since MAFF as part of the
EU regulated CAP policy has established a national Firiraskl Parcel Identification SystefRLPIS)
with digitized parcel boundaries [34]. The FLPIS system is incorporatith the Integrated
Administration and Control Syste(fACS). The IACS system controls the paymentscoitivation
area based agriculturabbsidiesfor Finnish farmers. The ground based stratum sampling similar to
USDA methodology[9] is currentlybeing applied in Finland in the annualdop inventory sampling
MAFF together with the Finnisigricultural Advisory and Rral Development Centres perform
annually acrop yield inventory sampling

Recent research results in EU have stated the need of inte§gieultural Information System
(AIS) to enable easy disseminationgaforeferencedlata for agricultural system research on EU scale.
Russdl et al [35] reviewed the Barley Knowledge Base and AIS system for the European Community.
Jansseret al [36] demonstrated the need of Integrated Database Systerombining both remote
sensing satellite data and ground truth datarderto establish Paiuropeanagriculturaldatabase
system to support EU CAP objectiveBhe SEAMLESS database system integradgscultural
management (op phenologial calendar, cropping patterngjeld production andsoil and
agrometeorological climate data) and CAP policy information.

In summary new combined multispectrabptical and SARVGI modeling and phenological
classifying techniqueswhich usesolely optical and SAR satellite dafislinimum Datasefsthrough
data fusion provide new integrated tools for cereal yield predictions duringMA&F annual crop
inventory programNew remote sensing techniques integrated Wwitmish national FLPIS anldACS
systemswill support Finnish national and EU CAP goals and objectives.

In a recent publication by Laurikt al [37], spring cereal yield modeling results were presented for
Finnish high latitude growing conditions using Itiepectral composite SAR backscattering and NDVI
data Composite Minimum Dataset}ereal maximum yield capacity is limited by environmental (e.g.
drought periods) and vegetation stresses ,(eugtrient deficiencies, pathogen epidemics) during
growing fason.

In this publicationthe optical reflectance datagbtained througtdata fusionand harmonization
from the Landsat and SPOT satellit€@ptical Minimum Datasgtwere used as input for thaptical
VGI models (Models-1V).

Theoverall goal of the pesent studyvas by integratingoptical compositedatato estimate actual
nonpotential grainbaselineyield levels(y,) for high latitude pring cerealsin large area field
conditions in southern Finlangsingoptical vegetations indices

Thespecific obgctivesof the present study were:

(i) Calibration of the optical VGI models (Models-l1V) by usingphenologically classifie®ptical
Minimum Datasetg€ontaining harmonized Landsat and SPOT reflectancefdatpring wheat,
barley and oatsAvena Sativa..)

(i) Validation comparisorof optical VGI model baselingield estimates @ vs. CropWatN dynamic
crop model yield estimates [29] using Landsat, SPOT, NOAA reflectance adatMAFF
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inventory yield statistics and MTT Agrifood Research Finland Official Varigigl averaged
yield results (19962006) were used as a ground truth reference.

(ii) Validation comparisonof optical VGI model baselingjield estimates ¢ vs. composite
multispectral VGImodelswith SAR/ASARandNDVI components andsing both reflectancend
backscattering dataom Envisat, ERS and Radarsat

(iv) Estimationof cerealnonpotentialbaseline yield levelgy,) in growing zones {lIV) using VGI
modelsasa yield inventory toofor the annual MAFF invenory statistics

2. Methodology and Study Area
2.1.SystermAnalysis and3trategy

In this studyfour opticalVegetation Indices (VGhodels (VGI, Infrared polynomial, NDVI, GEMI,
and PARp/FAPAR, Table 1) were calibrated and validated with optical satellite data (Landsat and
SPOTOptical Minimum Daasets1996 2006) without extensive agrometeorological ground truth data
required by conventional dynamic crop models I8f. TheSystem Analysigverview is reviewed in a
recent publication by Laurilaet al. [37] and in [3841]. Respectivelythe Integratd LAIl-bridge
coupling mechanism applied in this publication is depicted in Figure&Cal{brated optical reflectance
data, ITIll phenological classification, VGI model yield estimates;UXI bridge coupling, GEMI
index, dynamic crop model yield estira}.Optical minimum datasetsere measured in five different
experimental locations (Mellila Porvoo, Kirkkonummi, Jokioinen and Lapua experimental sites) in
southern Finland.

Figure 1. Integrated LAlbridge coupling mechanism witadaptive Kalman Filter [19,21]
between phenologically preassified optical data (GEMI model lll, Table 1) and dynamic
crop model (Model V, CropWatN, [29,31]).
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Table 1. Vegetation Indices Modelsi V1), dependent baseline yit(y,) and independent variables [29,37,53,347) )

Model Model equation ? Independent driving Model name, description of derived satellite parameters used in regression equations
variables?
Yo =} ReD (8 Pp, Cp) +J NIR (3p, bp, Cp) } ren(@p, by, ), Polynomial infrared model
I nir(3, by, ) Calibrated reflectancg ©r rfchanne values for infrared}rgp, TM channek 3) and
near infrared)(yir, TM channek 4) during growing season in different phenological stages.
- &, bp, ¢, dp classes correspond on average to Zadoks crop phenological growth scale with cereals:
a: 0-12, by 12-50, g: 50-90, d:>90 [44].?
I yb=NDVI(ayp, by, cp) NDVI(ap, bp, ¢p) Normalized Difference Vegetation Index (NDVI) model
NDVI = (J nir (80, bp Cp) - § rep(@p: Dp, Cp))/ [ 25,5354]2). Ratio between near infrared and infrared channel surface reflectamice.f) values
(4 NIR(@p, P, Cp)* J RED(@0, Do, C5)) - Jrep/ rfzinfrared ( = 0.630.69 um)
- }nir/ rfanear infrared|( = 0.760.90pm)
- Landsat NDVI= (rfa(ap, bp, Cp)- rfa(ap, bp, Cp))/(rfa(ap, bp, Cp) + rfa(ap, by, Cp)),
- SPOT NDVI= (rfa(@p, by, Cp) - f2(8p, bp, €0))/(ra(@p, bp, Cp) + rfa(ap, bp, Cp))
m? yb = GEMI(3, by, Cp) GEMI(ap, by, Cp) Global Environment Monitoring Index (GEMI) [29,53].
GEMI(@, bp. ¢) = -Q.25¢ & X(J Ren(@ bp: Gy) - 0.125)/
(1- } rep (8, by, Cp))
d=* (¢ -, by, ) - (3 RED@: b, ©))°)
v 4 Yb = PARub(ap, bp, Cp) PARND(&p, bp, ¢p) PAR\o/FAPAR (Normalized Vegetation Index for Photosynthetically Active Radiation, PAR) rAodel
PAR\D = ( ren(@p, bp, Cp) - § par(@p: bp, C)) (I rep(@ps b, Cp) + -}parrf1 PAR ( = 0.45- 0.52 pm), Landsat/TM1, SPOT/HRV/S1
} PAR(3p: bp, Cp)) - 1 rep Mz infrared (= 0.63- 0.69 ym
v yb =DynModel(LAI(GEMI &, by, ¢y)) LAI(GEMI ap, by, ) LAI-bridge coupling with GEMI index [3,29] and Kalman filter [19,21] using NOAA and SPOT data.
Equation6 , Table 12Appendix B Used only in validation part with the dynamic CropWatN crop model.
VI Yo = NDVI (8, bp, Gp) + 0° HHsgHy, NDVI ( ,bp,G), Composite multispectral SAR/ASAR and NDVI model for spring cereals (swh,bzatsy) using
Composite (@, bp, Cp, dp) + G’ VV 561 (8p, bp, Cp, dp) + G° HV 561z, 8 5612 ( Ep,0p, Cp, o) NDVI reflectance and microwave backscatteritd, (f = 5.4 GHz) data (Table 12, [37]). Used only
SAR/ASARaNd | (&, bp, Cp, dp) + &° VHscHz,(8p, bp, Cp, dp) validation of the optical VGI modef
NDVI [37]9

Y Equations applied after REG/Stepwise for linear models (Equation 1, Tabdpéndix B [51,52]) and RSREG for polynomial ndinear models (Equation 2, Table 1ppendix B) ? Independent
variables classified wittBatPhenClasalgorithm.® GEMI LAI-bridge mechanism used only in validation p&®ARyp model is similar to FAPAR (Fraction of Abdmed Photosynthetically Active
Radiation Index, [5&9]) andfIPAR (fraction of intercepted PAR, [60f).Model V used only in validation part with the dynamic CropWatN crop model (Figure 1, f283tel VI used only in validation of
the optical VGI mdels [37]
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(@)

(b)

(©)

(d)

()

(f)

(9)

More specifically detailednalysis strateggonsisted of following specific procedures:

Classification of optical dataith the SatFherClassphenological classifying algorithm for spring
cerealdgs reviewed by Laurilaet al [37]. TheSaphenlIClassalgorithm exploits BBCH [423] and

Zadoks [44] growth scales with four phenological classes for spring cergaBB@H 012,

be: BBCH 1250, ¢: BBCH 5090, d: BBCH > 90). The phenological,&lass corresponds to
development period betwesowing and two leaf stage with double ridge formation. Tjwass
matches with the period between two leaf stage and ear emergence with maximum Leaf Area
Index (LAlmay exposure and fully closed canopy structures. Thaass corresponds to period
betwesn ear emergence and anthesis with grain filling until full maturity. Finally, the phenological
d, class relates to senescence and-pastest phases.

Calibration of four opticaMegetation Indices (VGInodels (i1V, Table 1) for cereal baseline
yield (y,) estimationsVGI models were calibrated witpbhenologicallyclassified satellite data
containingsolely optical satellite dat®ftical Minimum Datasets)

Landsat/TM and Spot/HRVintersensorycalibration by calculating NDVI indices from the
Optical Minimum Datasetsbtained from the five experimental locations in Southern Finland

NDVI PhenologicalSpectral Signature Profile analys{§SRy) for spring cereals in different
phenological phasesy( by, G,) derived from the TM and HRMntersensory calibration

Validation of calibrated optical VGI models between years and locations by using separately two
independent data sourcg$) the MTT Agrifood Research Finlan@fficial Variety Trial data
(1996 2006) (i) the MAH- (Ministry of Agriculture and Forestry in Finla) annual crop yield
inventory datal996 2006).

Validation comparison of optical VGI modelsvs. CropWatN dynamic crop model using
GEMI-index and LAtbridge coupling systendeveloped originally by Karvoneet al [31] for
cereals grown in Finnish growing conditiofdodel V in Table ). LAl-bridge coupling system
was later revised and applied by Kuittinehal [29] for the EU MARS program in Finland
Spring cereal on-potential yield estimates )y calculatedoy VGI andCropWatN modelswere
comparedby using the same optical satellite datet in growing zonesillV. The detailed
LAI-bridge coupling system with GEMI index armdiaptive Kalman filterJ1] for cereal LAI
development (LAdatelitecereal LAl cropmode) IS presentedin Figure 1.LAI-bridge exploits iterative
Kalman filter[21] algorithmresemblingensemble Kalman FiltefEnKF, de Wit and van Diepen
[19]) to improve cereal LAkstimates estimated froboth optical satellite datandestimated by
dynamic crop moels [31].Equation 6and Table 1ZAppendix B) depict crop specific regression
coefficients for cereal LAl estimatiofLAl saelite,ceredr USING GEMI index [29]. Equation 7
explains the Kalman solution for tre®rrected,optimal LAl estimate [Alopima) COrrected by
standard deviations OEAl satelitecereal @Nd  LAlcropmodel €Stimdes. The standarddeviation of
LAl opiimal €Stimate an be solved frorkquation8.

Validation comparisonof optical VGI model baselingyield estimates  vs. composite
SAR/ASAR andNDVI models using both reflectance and backscattering data from Envisat, ERS
and Radarsat in growing zoné&$M [37].
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(h) Estimatingnon-potential baselinegrain yield levels (y,) for different spring cereals in Finnish
large area field condities by applying thealidatedvVGI models to opticateflectancalata.

2.2.0verview ofsatellite andGround Truth Siteand Measurements

A general overview of satellite and ground truth experimesitesand agrometeorologicateather
stationsis displayedn Figure Zai d). Growing zones (IV) and MTT Experimental Stati@grapplied in
cereal yield modeling are displayed in Figufe)2CumulativeETS (T, 5 C) isolinesapplied in the
SatPhenClasphenological classificatiof87] are depicted in Figure(). Experimental sites consisted
of five different locations (Mellild Porvoo, Kirkkonummi, Jokioinen and Lapua) in southern Finland

(Figure Zd)).

A general scheme of the measuring satellite systems and calibration parameters used in this study i

displayedin Tables 910 (Appendix A). The detailed soil profile classification in the experimental
areas and growing zoned$\M are explained ira recenfublicationby Laurilaet al [37]. The ground
truth sampling, the@henologicalcrop calendaobservations antlAl measurements were performed
according to methodology applied by Kuittinenhal [29]. The abbreviations used in this study are
explainedn Table 7(Appendix A).

Figure 2. (a) Growing zones (IV) and MTT Experimental Statioro¢ations in Finland,
(b) ETS (T 5 C) cumulative isolines(c) Meteorological Weather Stations in Finland
(d) satellite and ground truth measurement locations in Fin{@®riginal Data,MTT
Agrifood Research Finland, Firghi Meteorological Institute, NASA,
visibleearth.nasa.gov/

Units of MTT Agrifood Research Finland

1. ROVANIEMI
2. RUUEXI

3. SOTEAMO

4. MAANINKA
5. YLISTARO

6. LAUKAA

7. MIKKELI

10. JOKIOINEN
11. PIKKIO

Mt / Others
8. HAUHO
E-ryhmin koetila
Experimental farm of K Group

9. LAMMI
Perumantutkimmslaitos

Potato Research Institute

10. JOKIOINEN
Boreal Kasvinjalostus Oy
Boreal Plant Breeding Lid.

12 PEENATJA
ProAzria Nylands Svenska
Lantbrukssgllskap
Storsarvlaxin kartano
Storsarvlax Farm

13.INKOO __
Profgzriz Nylands Svenska
Lantbrukssallskap
Yrkeshégskolan sydvist,

Vistankvam _ 8 .

Vistankvam School Farm ® & 09 © venfication station

Fig. A 10 B Temperaure and precipitation (CGMS and kriging)
1 I G12 & Precipitation (CGMS and kriging

139 Temperature and precipitation (kriging)

s Precipitation (knging)
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Figure 2. Cont.
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2.2.1 Designof Ground Truth Experimental Sites

The field experimental design for satelliteagerywasoriginally developed by Kuittineet al [29]
for Finnish cereal growing conditior{sigure 3).Figure 3a) depicts he basic experimental plaind
Figure 3b) illustrates the2 x 2 and 2x 3 randomized plots witheplicates of the basic experimental
plot growing the same cereal crophe 2x 2 and 2x 3 randomized lattice design was applied in
Mellila, Porvoo, Kirkkonummand Lapuaperimental sites.

The randomized® x 5 plot design with two replicates fagarly and latevheat, barley amh oat
cultivarsis displayedin Figure c). The 2x 5 randomizedlot designwasonly applied in the Kuuma
Experimantal Site (Jokioinen, MTT Agrifood Rearchfigure c)).

The overlayingsatellite imageryechnique for Lands&tM and SpoHRYV with different pixel sizes
is depicted in Figure (8). Erdas/Ermapper software was uded digitization and to imposeand
ovelay LandsatfTM (30 x 30 m pixel sizeand SpadHRV; (20 x 20 m)images usinghe central point
(Point 9) as a referencgFigure 3a), Table 11, Appendix A). Concurrently with satellite
measurements, growing density measurements were measured in poibhtsmgss measurements in
points 1,5,9 and LAl measuremerits points 18 (Portable LiCor 2000 Plant Canopy Analyzer,
Li-Cor Biosciencespased on methodologyuggestedby Kuittinenet al [29].
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Figure 3. Field experimentgblot design after Kuittinert al [29].

A - Exp. plot
30m 20m 20m 30m
9
7.4
Spot 20 x 20 m pixel sizeplot
10m fallow/bare soil zone Landst 30X 30 pixel size plat 10 m fallow/bar e soil zone
btw. plots

Row

B-2x2
and2x 3
lattice,
same

Row

Replicate 1 Replicate 2 Replicate 3
Mellil&, Porvoo, Kirkkonummi, Lapua Exp. Areas3x 30+4x 10m

. e -
Vﬁ\ =N
Row 1 5 b0,
OatsLate Swh Early BrlLate Swh Late Brl Early
/m\{,—‘}*‘
Row? T
OatsEarly Swh Late Brl Early Swh Early BrlLate
Replicate 1 Replicate 1 Replicate 1 Replicate 2 Replicate 2
C-2x5
pairwise Jokioinen, Kuuma Exp. Area 5 x 30+ 6 x 10 m (fallowlbar e sol
randomized okioinen, Kuuma Exp. Area5x 30 + 6 x 10 m (fallow/bar e soil zones)
block design,
different
cereal crops

The Kuuma Experimental site in Jokioin@028'5.82"N, 2328'48.20"E)is illustrated in Figures 3
and 4 and the MTT Agrifood Research Centre site in Figure 4 (Growing Zone Il, Hame. Agric
Advisory Centre).The detailedFigures 4(a, f, g) in the Kuuma experimental ite depict the
randomizedplot design with replicates for early and late wheat, barley and oat cultivargrdined
truth plot size was adjusted to Landsat 830 m pixel sie (Figure 3a)). Each cereal plot was
surrounded by bare sadr fallow zoneto enhancecanopy x soilreflectance contrasts in different
phenologicalphases &, bp, cp, dp). The mainsoil type in the Kuuma site was organic mould with
mixtures of clayDuring spring time rain, flooding and excessive top soil water content close to field
capacity (pF 1.62.0) reduced the cereal yield levels especially in replicate 1. Figoyel&picts the
plotsin the Kuuma area affectdyy flooding and heavy rai(¥), the digitized Spot image is displayed
on the right hand sidg,).
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The Porvoo eperimental site (6023'34" N, 25°39'52" E) is depicted in Figur (B;, Kullogad
Experimental Farm) and ,B(Dr&ksby Experimental Farm). Respectively the Kirkkonummiesit
(6014'13"N, 2423'49" E, KylmdaExperimental Farm, Helsinki University of Technology) is depicted
in Figure(C,,Cy). Both Porvoo and Kirkkonummi sites were located in the Uusimaa Agric. Advisory
Centre (Growing Zone I). The Mellilasite in Loimaa (605'41"N, 2255'32"E, Nahi Experimental
Farm) is illustrated in Pand D (Zone 1). The detailed Eand E figures depict digitized field parcels
in Lapua and Seingoki Experimental sites on clay type s@R86'17"N, 232'42"E, Zone IIi [V in
the Pohjanmaa Agri Advisory Centre).

Figure 4. (A1) Kuuma Experimental Site, ¢\ Jokioinen (MTT Agrifood Research)
Jokioinen Experimental Site, (B Porvoo Kullogad and Draksby (B) Exp. Farms,
(C1i Cy) Kylméaa Kirkkonummi Exp erimentalSite (Uusimaa Agrialture Advisory Centre
Helsinki University of Technology), (i D,) Mellila Loimaa Experimentalsite, (Ri Ey)
LapuaExperimentalsite (Pohjanmaa Agnidture Advisory Centrg,(Fi G) detailed Kuuma
Experimentalsite?.
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Figure 4. Cont.

— — i pes g o " : 3
Y AD,, G, multitemporal Landsat, SPOT composite imades E, Multitemporal Envisat
composite imag® Original data TeleAtlas, Terrametrics 2010, European Space Agency and
the Finnish Geodetic Institute 20(20,33].

The detailed Figuse(3B and4B,) in the Dikksby experimental ite in Porvoodepictthe 2x 2 and
2 x 3 randomizedplot design for wheat, barley and oat cultivars. The main soil type in the Draksby
site was clay with mixtures of organic peat. Especially both the Kutigarg 4A;, Jokioinen)and
Dra&ksby (B, Porvoo) &perimental siteswith clay and organic mould and peat topskiyers
(10i 15 cm) were affected by excessive water from melting snow irbélgéning of the growing
season (ap) causing the topsoil to redoh $oil field capaciy (pF 1.52.0). During midsummer,
drought periods in generative phasegs @), caused the soil moisture content to recede close to wilting
point (pF 4.04.2).

2.3.Calibration
2.3.1. Phenologral Classifying Algorithm(SatmherClass) forSatellite Daa

The phenological classifying algorithrBgtPhenClagg46,47] usedfor optical Landsat and SPOT
datais presentedy Laurilaet al [37]. The revised classifiers ETS and kAl (Li-Cor 2000Plant
Canopy Analyzer[48]) for high latitude cerealswere devlped based on previous studies by
Kontturi [49] for Finnishlong day growing conditionstff,49,50].

2.3.2.0ptical Vegetation Indices (VGNodels TIV

Four different Optical Vegetation IndegVGI) models (I Infrared, It NDVI, lll: GEMI, IV:
PAR\yp/FAPAR, Table 1) were calibrated witimear (SAS REG/Stepwise andontlinear (SAS
RSREGQG) [5152] polynomial regressiomodels (Equationsi®2, Table 12 Appendix B).

Figure 5 depicts typical optic8pectral Signature CurvgSSC) for barley (green vegetatjoand
bare soil in Nordic high |l atitude growing cond
(e 480, 650 nm) and water (& 1500, 2000 nm)
Landsat and Spot are depicted. The measured optftedtamce data for different spring cereals were
classified intgphenological classe@y,by,c,dy) with the SatPhenClasalgorithm.
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Figure 5. Spectral Signature Curves with scaled Reflectance Factor for barley and bare
soil, Chloophyll A, B in PAR spectrum, water absorption maximums and corresponding
Landsat/TM and SPOT/HRVZXensory bandwidths [31, Table 1Bppendix A]

(© Original data Swedish National Environmental Board).
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2.4.Calibration Data
2.4.1.0ptical Reflectance Data

The optical Landsat 5/TM (Thematic Mapper), SPOT/HR¥gh Resolution Visible 2)and
NOAA/AVHRR (Advanced Very High Resolution Radiometesgtellite data (199&@006) isin
Tables 911 (Appendix A). Satellite measuremesntwith optical cloud free imagesd ground truth
observations in thexperimeral sitesin Nylands Svenska (Zone | in Kirkkonummi), Hane (Zone Il in
Jokioinen) and in Pohjanmaa Agricultural Advisory Centres (Averagedy ldone in Lapua, Seingoki
and Iimajoki)were temporarilyevenlydispersed along the growing season between May and August
(Figure 2[37]).

In addition two older auxiliary optical [281] datasets consisting of Mellildand Porvoo sites
(Growing zone | in Nylands Svenska Agric. Advisory Centre) were used in calibratg@atfiienClass
phenology and VGI modelsi¥, Table 1).Total of 18 cloud free Landsat and Spot satellite images
were obtained during éhcampaigns. NOAA/AVHRR data weomly used for validation purposes to
compare cereal yield estimations between VGI noaeld CropWatN crop model [29], results are
reviewed in validation section.

The VTT Technical Research Centre in Finland @pentof Space Research) and the Finnish
Geodetic Institute digitized and performed tiassificationof field parcels from theatellite images
(Figure 2) OpticalLandsat and SPOT data wexaibrated with geometric and radiometric corrections
in the Finnish Geodetic Institute. Tloetho-rectified andradiometrially correctedsatellite data after
Price [53] (Equations B5, Appendix B) was classified with the SatPhenClass algorithm into cereal
phenological categoriegnd was applied in VGI modelsi (V). Optical calibration details with
atmospheric corrections (6S softwaecond Simulation of the Satellite Signal in the Sqbec®umn)
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were reviewed by Kuittineret al [29], the optical calibration parameters are given in Table 10
(Appendix A). Correspondingly the SAR backscattering data calibration detaiis reviewedoy
Matikainenet al [32], Karjalainenret al [33] andHyyppaet al [61].

2.5.Validation
2.5.1.Validation ofOptical Vegetation Indices (VGIModelsandValidation Data

After the calibration of optical VGI modelsi(l, IViV Table 1), the validation procedure was
applied to test baseline grain yield, (kg/hg predictionsvs. independent observed ground truth yield
values.During thevalidation procedurghe modeled baseline yield estimates kg/ha) calculatedy
the optical VGI modelswere comparedvith correspondingneasuredyield estimatesfrom (i) the
1994 2006 MAFF official inventory statisticf62,63] and (ii) from the 19942006 MTT Agrifood
Research Finland Official Variety Triaésults [6466]. Yield differences were calculated as absolute
values (kg/ha) andercent(%) valuesin correspondingrowing zones {lIV) and years

The MAFF validation datasets consistedywdld inventory statistics from the Nylands Svenska
(Growing Zone |), Hane (Growing Zone Il) and Pohjanmaa (AveragedMliZone) Agricultural
Advisory Centres (Table 2). Figure 6 depi scenes from the Seingoki, Lapua and Ilimajoki
experimental areas in the Eté&&hjanmaa Agric. Centre. Especially in the Seingoki Experiment Area
(6285'17"N, 232'42"E) the fields were affected by severe flooding in the spring time (Figure 6(a))
andin the Lapua area heavy lodging reduced the spring cereal yield potential (Figure 6(d)). The MTT
Official Variety Trial datasets consisted of yield trials from the Pernaja and Inkoo MTT Experimental
Stations (Zone 1), MTT Jokioinen (Zone IlI) and Ylistaofe 1ll) and Ruukki (Zone IV) MTT
Experimental Stations Averaged to Zone IM. Zones Ilil IV were pooled together because the
satellite and ground truth measurement sites in Lapua, Seindoki and limajoki were located in the
middle of 1100 ETg&y - 5 ¢) isoline (Figure 2).

Table 2. Sensors, datasets, growing zones, locations and soil classification [44].

) Clay ©ils  Organic
Coarse soils (%)

MAFF Agriculture (%) (%)
Sensor Data Growing Advisory Location Gravel ) _ ) Mould,
1 2) . ) Fine Coarse _ Sandy Silt Gyttja
Type? set Zone? Centre (Figure 2) with Silt Peat
) sand sand clay clay clay®
(Figure 2) coarse
sand
1.1 [l (IV) |Etel&Pohjanmaa |Lapua 11.2 19.8 23.5
2310'E, 6250'N
1.2 [lll (IV) |Etda-Pohjanmaa |Seindoki 155 10.1 20.5 25.3
Optical/ , ,
" 2310'E, 6250'N
SAR
1.3 |l (IV) |EtelaPohjanmaa (limajoki 13.2 12.0 3.921.4
2310'E, 6250'N
21 |l Nylands Svenska|Porvoo 6.2 17.8 8.5 38.0 [10.9
2550'E, 6050'N
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Table 2.Cont.
. Clay soils  Organic
Coarse soils (%)
MAFF Agriculture (%) (%)
Sensr Data Growing Advisory Location Gravel _ ) ~ Mould,
1 2) . . Fine Coarse _ Sandy Silt Gyttja
Type! set Zone? Centre (Figure 2) with Silt , feat
, sand  sand clay clay clay®
(Figure 2) coarse
sand
Optical |3.1 |l Nylands Svenska|Kirkkonummi 9.4 275 (85 |414 |54
2430'E, 60 10N
Optical |3.2 |[ll Héame Jokioinen 56.0 [7.0 |15.1 |7.7
2350'E, 60 50'N (Kuuma:
(Kuuma ExpArea) 70i 80)
3.3 |l Héane Mellila 7.4 8.3 13.2 28.6 36.0
2220'E, 60 50'N

Y'For abbreviations refer to Table 7, Appendix*Bsrowing zones {IIV) are depicted in Figure 4&.Gyttja
clay contains peat and mud fractidhomposite SAR/ASAR and NDVI datasets usedydnlvalidation of optical
VGI models [37].

Figure 6. Optical and SARcomposite imagefrom the EtelaPohjanmaa Agric. Centre
Experimental Areaqa) Flooding areas in the Seingoki Experimental Area in 2003,
(b) NOAA/AVHRR low reslution image in Lapua Exp. Areg) digitized field parcels in
Seindoki Exp. Area,(d) heavy lodging in oat cultivations in Lapua Exp. Area 2003,
(e) Lapua Exp. Area(f) Seindoki Exp. Area [29,33].(© Finnish Geodetic Institute,
original Radarsat dat © distributed by Radarsat International/TSS/Novosat Ltd. and
European Space Agency).
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Figure 6. Cont.

3. Results
3.1.Grain Yield, Phenological Spectral Signature Prof{8SRy) and Vegetation Indicegariation

Table 3 presents observed averagg@in vyield variation for spring wheat, barley and
oats (19962006) in growing zoned IV. In addition Phenological Spectral Signature Prof{8SR),)
variation during phenol ogi c algeganyne fefleqgance naluesa n d
and optical VGI indices are tabulated. The averaged grain yield ang,$S8fation is depicted
between(i) species(ii) cultivars and(iii) soil types with corresponding categoriédlll Category |
depictscrop speciesvariation with generic spring cerealltivars. Category Il depictstracultivar
variancewith identified cultivars from field parcels in experimental ayeasl category lispecies*soil
covariance variatioriTable 3 depicts averagsgring wheat, barley and oats observed grain yield levels
(kg/ha),infrared § rep/Rfs) and near infrared (r/Rf4) reflectance, NDVI, GEMI and PAR/FAPAR
variation during germination and emergence after sowing RBCH 0'12), ear emergence and
maximum LAl exposure with fully closed canopy structurg, BBCH 12i 50) and finally during
anthesis in generative phasg, (BBCH 50 90). The observed ceregield, optical reflectance and
Vegetation Indicevaried significantly between different spring cereals, cultivars and soil types in the
experimental areas in soetim Finland.
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Table 3. Averaged observed yieldBhenological Spectral Signature Profil€SSRy,) for cereals with Reflectance (Rfrep, Rf4/ §ir) and
NDVI, GEMI, PARy/FAPAR indices values between categories (I: crops, Il: identified cultivars and Ill: soil types) with all
data (19902006) pooled togethBr?): 3" 8)

Category Yield (obs, X+ S)” Area  SSPRy: NDVI, GEMI, PAR np (X = S) D+ ®

| kg/ha Cv% Ha ap (May) by (June) cp July)

Crop Species? NDVI GEMI PAR\D NDVI GEMI PAR\p NDVI GEMI PARDb

Swh 4219+ 290 145 415 0.0012+ 004  0.257+0.002 0.076+0.001  0.498+0.007  0.411+0.004  0.03%0.002 0.332+0.007  0.312:003 0.515:0.01
Barley 4395+ 229 338 235 0.0014+ 002  0.193+0.003 0.062+0.001  0.898+0.003  0.660+0.002  0.093+0.003 0.256+0.01  0.347 £0.006  0.4430.01
Oats 3740+ 345 276 47 0.0012+ 005 0.331+0.008 0.049+0.002  0.766+ 0.01 0694+0.005 0.231+0.01 0.640+0.02  0.678+0.001 0.535:0.02
Mean (Area sum.) | 4118+ 338 253 697 0.0013+ 001  0.26030.690 0.0623+0.0135 0.7207+0.204 0.5883 0.154  0.121G:0.099 0.4093+0.203 0.4457+0.201  0.4960:0.047

I Yield (obs.) Mean} rep T | nir for May. June and Jufy} 2-©) NDVI (mean)®- 2

Identified Mean C\% J RED JNIR JRED JNIR J RED JNIR a (May) bp(June) Cp(July)

Cultivars ¥ Kg/ha a May a, May bp June by June Cp July Cp July

Swh Kadett 3541 20.0 0.0820 0.1180 0.0012 0.2320 0.0014 0.203 0.0780 0.798 0,562
Manu 4016 30.9 0.0011 0.0012 0.0560 0.2180 0.0940 0.259 0.0010 0.587 0.592
Ruso 3900 11.0 0.0730 0.1040 0.0014 0.2420 0.0012 0.169 0.0730 0.887 0.679
Satu 3181 31.9 0.0011 0.0014 0.0550 0.2550 0.0970 0.242 0.0014 0.557 0.646
Mean swh | 3659 +377 20.9 0.0393+0.044 0.0562+0.064 0.0284+0.0312 0.236+0.01156  0.0484+0.054 0.2182+0.0403 0.0383+0.1001  0.707+0.2474 0.619+0.2211

Brl Artturi® 4656 18.5 0.0012 0.0011 0.0550 0.2020 0.0990 0.199 0.0012 0.601 0.5

MBrl | Arvel® 4785 34.2 ~0.0 0.0012 0.0011 0.2011 0.0390 0.106 0.0014 0.856 0.425

FBri Inarit® 4750 25.7 0.0014 0.0011 0.0490 0.1920 0.0910 0.158 0.0015 0.595 0.411

910 Kymppit® | 3458 40.5 0.0012 0.0011 0.0012 0.2014 0.0410 0.102 0.0018 0.815 0.343
Pokkd 5473max 19.6 ~0.0 0.0014 0.0013 0.2011 0.0560 0.219 0.0014 0.549 0.321

Mean brl. 4624 +729 37.4 0.0007+£0.01  0.0011+0.001  0.02152+0.0279 0.19952+ 0.0042 0.0652+0.028 0.1568+ 0.0529 0.0015+0.0002  0.6832+0.1412 0.4138+0.318
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Table 3.Cont.
I Yield (obs.) Mean} rep i} nir for May. June and Jufy) 2- 9 NDVI (mean)"- ?
Identified Mean G% }RED INR }rED INR }RrED IR & (May) bp(June) cp(July)
Cultivars V) Kg/ha ap May a May by June bp June Cp July Cp July
Oats | Puhti 4565 45.4 0.0014 0.0011 0.0350 0.2310 0.0840 0.285 ~0.0 0.547 0.437
Salo 4680 14.7 ~0.0 0.0013 0.0012 0.2011 0.0370 0.181 0.0012 0.822 0.428
Veli 4129 25.7 0.0011 0.0011 0.0580 0.2802 0.0360 0.108 ~0.0 0.867 0.655
Mean oats| 4458+ 290 28.6 0.0008 0.0011 0.0314 0.23743 0.0523 0.1913 0.0004 0.745 0.464
Cere | Mean 4261+ 6419 27.9 0.0133+ 0.028 0.0195+ 0.041 0.0265+ 0.0257 0.2214+ 0.0259 0.0566+ 0.034 0.1859+ 0.0581 0.0302+ 0.065 0.7327+0.1701  0.4830+
al Tot. 0.367
1] Yield (observed) NDVI (meany ® Mean} rep /Rf3 and g Rf4 for by.June andtp.July® 9%
Soil type (kg/ha)X + Sq Cvo% b, (June) Cp (July) }rep/ § nir (June) $ren/ § nir (July)
Clayl) Swh 4224+ 8.9 14.3 0.497 0.330 0.006/0.131 0.023/0.088
Brl 4363+ 30.8 345 0.910 0.224 0.016/0.256 0.023/0.104
Oat 3485+ 33.8 18.3 0.786 0.569 0.037/0.297 0.043/0.255
Coars® Swh 4224+8.9 14.3 0.482 0.112 0.004/0.214 0.029/0.065
Brl 4363+ 30.8 345 0.720 0.356 0.024 /0.256 0.045/0.121
Oat 3485+ 33.8 18.3 0.686 0.487 0.052/0.316 0.064/0.197
Swh Erl. 3972 £483 19.7 0.596 0.429 0.056/0.218 0.107/0.348
Swh Lt. 4984+ 641 22.8 0.642 0.541 0.055/0.255 0.097/0.342
Organié) Brl Erl. 4656+ 862 26.9 0.569 0.401 0.055/0.202 0.099/0.399
Brl Lt. 4741 + 659 21.1 0.603 0.596 0.049/0.192 0.091/0.358
Oat Erl. 3932+ 824 29.9 0.655 0.557 0.058/0.280 0.114/0.401
Oat Lt. 3257+ 629 28.7 0.737 0.547 0.035/0.231 0.084/0.285

Yincludes sandy and gyttja clay solasses (Lapua, Mellild Pooo, Kirkkonummi Exp. Areasy Includes fine and coarse sand apisses (Porvoo and Kirkkonummi Exp. Aredsarly (Erl.; SwH:cv.
Manu, Brl: cv. Artturi, Oat: cv. Veli) and Late (Lt. SwHcv. Satu, Brl:cv. Inari, Oat:cv. Puhti) cereal cultivars mea®d in the Kuuma/Jokioinen (83 randomized lattice) and Porvoo Exp.X2
randomized lattice) areas with organic mould and peat top soil pr8fitefor May excluded from the tabl®.R; and NVDI values for May close to ~0‘.3be3,Rf4,NDVI data categorized fog, (May,
BBCH 0-12), b, (June, BBCH 1250) andc, (July, BBCH 5090) phenological classes during the growing sedd@ereal averaged yields (kg/ha corrected & fisture content) were measured by the
farmers in the experimental aréashe autumn after the harvest, yield samples were measured from the granafy/sikraiged over years (199806) and locations in growing zone#/l. ® Enzyme
malting barley cultivarN1Brl) ¥ Fodder barley cultivar (FBrl)
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The observedspring @realyields (kg/ha) in satellite measuremédocations (Category |, Table) 3
were measured by the farmers in the experimental areas in the autumn after@be Matd samples
were obtainedfrom the granary silog1 the experimental farm3he observedrain yield levelsvere
4,219 kg/ha for spring wheat,395 kg/ha for barley and 3740 kg/ha for oatsen averaged over years
(1996 2006) and locations (Growing zonddM). The total cultivation area 1998006 interpreted
from satellite images in southeFinland (growing zone$ IV) with all crops was P53 ha,697 ha for
spring cereals and 256 ha for winter cereals (winter wheat an8egale cerealk.), not reviewed in
this publication).

The spring cereal infrared {gn/Rf3) and near infrare nr/Rf4) reflectance valuewere higher in
June (B) and July (g) when compared with May values,(&f; mean0.0133,Rf; mean 0.0195).
Especially fodder barley and oat cultivars presentedRéyvalues (marked-0.0) in May. The infrared
Rf; signal obtained low reflectance valu@sp, Rf; mean0.0265) withspring cereal cultivarsn June
with high PARradiation absorbance in fully closed canopies (BAL). Especiallyfor the highest
yielding enzyme malting barley cultivar B@ (Hankkija Plant Breedinghe Rf; valueswere low,but
Rf, levels Rfy;mean 0.2214) were in averagelune.

Usually in Fnnish longday growing conditions the maximum LAI (LAdy and also the maximum
photosynthetic capacity is observed in Jung[4h,67]). Correspondingly maximum Rfreflectance
values peaked in Jullg,, 0.057. Rf; valueswere below averagdor wheat cultivars (0.048out had
high vales with barley cultivars (0.06%n July. The neamfrared Rf, signal peaked with maximum
reflected mean value of 0.224 June(by) with lower mean reflectance in July, 0.189. Fodder barley
cultivars obtainedRf, valueshigher than average June and wheat cultivars below average in July.

The VGI indices (NDVI, GEMI, PARp) for spring cerealsiJune () and July (g) were generally
higher than thecorresponding May values gfa Currently in southern Finland the sowing of spring
cereals occurs in MagndMay indices valuesverelow denoting sparse vegetation and canopy cover.
With vegetation ndices (NDVI, GEMI, PARp) a significant peak was observed beén May and
June values (Table, £ategory [).The NDVI ranged between 0.013 (May), 0.7207 (Jundy,) and
0.4093 (Julycy), corresponding values were 0.2603, 0.5883 and 0.4457 for GEMI.@683) and
0.121 and 0.4960 for PAR.

3.11. Cerealintracultivar Variance

The intracultivar variancef observed grain yield, reflectance and NDVI values depicted in
category Il (Table B Theidentifiedcereal cultivarsn the field parcelsvere rgorted by the farmers in
the experimental area3.he averagedobservedyield for all spring wheat cultivars was 4.3 t/ha
(30.846 C,). The maximumobservedyield, 5.5 t/ha,was with enzyme malting barleg\. Pokko,
Hankkija Plant Breeding)Cv. Pokko opticd infrared reflectancé} rep) wasbelow averagen a, b, and
Cp, phasegBBCH 0-90) indicating active photosynthesis in PABgion(Figure3) andcorrespondingly
the nearinfrared reflectanc nr) was highetthan averag@n phase g(BBCH 50'90). The minmum
observed yield level (3.5 t/ha) was measured with fodder barley\K¢gmppi). Especially in May
(phenology classpan vegetative phaseBBCH 0'12) the cereal reflectance infrared wavelength
(Rf3) was very low close to zero (marked a$.0) with average 0f0.0133. The fodder and malting
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barley cultivars Arveand Pokko and oat cultivar Salo, especigdhgsented low reflectance values. The
maximum infrared reflectance was observed with spring whe#&tadett (0.082).

In May (phenology classp,a BBCH < 12), the infrared reflectance} rep/Rfs) between cultivars
ranged betweer0.0 and 0.082 ¢v. Kadett) denotingabsorbedinfrared covariance between partly
covered top soil and early emergence of spring cereals with partly closed canopy structures
(LAl < 1) [415559,6%69]. Correspondinglyin May, the neatinfrared {nr/Rfs;) obtained higher
emittedreflectanceRf, ranged between 0.0011 (bark@y Arttu) and 0.118 (wheatv. Kadett).

In June (phenology class,BBCH 12 50) during generative phaseith LAl max and full canopy
closure (LAI> 1) the mean infrared reflectance was 0.0265 andin&ared 0.2214 suggesting high
photosynthetic activity in leaf canopy during ear emergence. Notably they.0&tli contained both
maximum infrared (0.058) @mearinfrared (0.282) reflectances ipfthase.

In July (phenology class, 8BCH 50 90) during anthesis and initialization of grain filling the mean
absorbed infrared reflectance was 0.0566 higher (0.099 max. for barkestturi) than theaverage p
value in Juneoncurrent withactive translocation of assimilates to cereal heads from leaf canopy and
especially from the flag leaf. Correspondingly the average reflectedinieaed 0.1859 in July
(0.285max. for oatv. Puhti) was lowethan inJune.

3.1.2 Effects ofSoil Type Variatioron Spring Cereal Yield Formation

Category lll in Table 3llustratesthe spring cereafield, reflectance and NDVI variation between
different soil types containing all averaged 10806 daa. Category lll includessandy and gyttja
clays for claytypesoils and coarsaypesoils with gravel and coarse sand fractions and finally organic
type soils with peat or moultbp-layer (10i 15 cm)with clay subsoil profile (depth> 15 cm) The
main soil type in the experimentateas was clay with mixtures of coarse elements and minor fraction
of organic compoundsSoil types consisted afandy and gyttja clays for clay soil types (Cla.) and
coarse soil types (Crs.) with gravel and coarse sand fractions and also organic S@irgypdhe
Kuuma experimental area in Jokioineh995 was the only field with organic mould top layer
(Figure 4A,) and correspondingly the Draksby site in Ponammtained peat tepoil layer(Figure 8B.).

The observed average yidllels (kg/ha)andC, (%) in clay type soilsundersuboptimal growing
conditionswere highestfor barley (4363 kg/ha, 3%), intermediate foispring wheat (224 kg/ha
14%) and lowest fooats (3485 kg/ha18%). Correspondinglyn coarse type soilshe observed yield
levels werehighest for barley (803 kg/ha, 26%)intermediatefor spring wheat (233 kg/ha 16%),
and lowest fooats (4146 kg/ha 32%0). In organictype soils containing mixtures of peat and mould in
the top soil layer (1iGL5 cm), thehighestyield were ecordedor oats (5978kg/ha 28%), intermediate
for barley (4727 kg/ha, 26%) and lowest for spring wheaB®® kg/ha, 38% Especiallyspring wheat
yield levels were significantly reduced by the drought stress insomamer (b, ) in the Kuuma
(Figure 4A,), and Draksby(Figure 4B,) experimental sites

Respectivelyin the soil covariance category (JllTable 3 a significant NDVIpeakwas observed
for June and July valueghen compared witMay values(Category 1). The NDVI ranged on different
soil types between 0.582 (Crs.) and 0.848 (Cla.) and in June and bet8&d8 (Cla.) and 0.8103
in July.
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Infrared { rep /Rf3) and neainfrared { nr/Rfs) covariance®n clay, coarse and organic soil types
were consistenon cultivar level (Category Il, Tabl8) in different phenological stagesp(d,, Cp).
Especially infrared signal presented high absorbance in(Bgnen clay type soils.

3.2.Calibration Results

The optical VGI model calibration results for spring cereals containing all optical Landsat and
SPOT dataare presented in Table Zhe optical data were phenologically qutassified with the
SatPhenClasalgorithm. Table 4depictscereal baseline yield {y estimates for Polynomial Infrared
(), NDVI (ll, [25,53,54]), GEMI (lll, [55]) and PARn/FAPAR (IV, [56-60]) models. In addition,
Table 4 presents corresponding’® Bnd RMSE, coefficient of variationC({, %) and Anova Fest
significance level estimates fbinear, quadratic cross productind finally for the total model [51,52].
Statistical significance levels are given in Tablépgendix A).

The optical baseline vyield (y calibration results indi¢a that the Rof the VGI models varied
significantly between spring sown cereals over years and locations in growing Zuniesdouthern
Finland. The overall optical For baseline yield (kg/ha) was 0.630 for spring sown cereals (mean
response yield &8 kg/ha, RMSE 360 kg/ha) ranging between 0.056 and 0.794. “vemri& with
spring wheat cultivars between 0.510 (RgFRnodel (IV), RMSE 406 kg/ha) and 0.790 (Infrared model
(), RMSE 42 kg/ha), with barley cultivars between 0.587 (IV, RMSE 463 kgfithpa&15 (I, RMSE
449 kg/haxand with oats between 0.06 (IV, RMSE 998 kg/ha) and 0.760 (I, RMSE 55 kg/ha).

The average VGI modeled baseline yield respongev@ried between 3.5 t/ha and 4.2 t/ha with
spring wheat, between 4.1 t/ha and 4.4 t/ha witreparhd between 3.4 t/ha and 3.7 t/ha with oats. The
coefficient of variation (¢ %) varied between 1% and 28.%o with spring sown cereals, respectively
with Ftest all the VGI model {IV) subcomponentslifiear, quadratic and cross products were
significant on 0.% error level.
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Table 4. VGI optical lineaand norlinear model @V) non-potential baseline yield estimates, (yg/ha) [51,52]) 234

220¢

Crop Model Grow.zone”  Main soil type? Dataset /Model R2lin¥non- RMSElin“non- Responsemean Cv(%) Pr>F Pr>F Pr>F Pr>F
(Table1)V Equation lin.polyn.® lin polyn.?¥ baseline yield linear quad Cross total
(Table 11)Y (kg/ha) (b, kg/ha)? ratic product  model
Swh K I-IvV GyttjaandSandy 1.1,2.13.1-3.3Y  0.764 282.39 4219.0 6.66 <0001 <.0001 @ <.0001 | <.0001
IR clay 1.1,2.1,3.13.3*2  0.794 42.468 3768.6 5.89 ok ok ok ok
Ino I-IvV Gyttjia Sandy clay | 1.1,2.1, 3.13.3%®  0.737 297.6" 4219.0 7.02 <0001 <.0001 | <.0001 | <.0001
NDVI 1.1,2.1,3.13.3'  0.732? 300.19 3556.7 7.88 ok ok ok ok
v I-IvV GyttjaandSandy 1.1,2.1,3.13.3%  0.70# 316.1 4219.0 7.45 <0001 @ <.0001 @ <.0001 @ <.00QL
GEMI clay 1.1,2.1,3.13.3'® 05707 536.89 3556.7 8.11 ok ok ok ok
\/6) PARND I-IV GyttjaandSandy 1.1,2.1,3.13.3'"7  0.7120 311.6 4219.0 7.34 <0001 <.0001 @ <.0001 | <.0001
clay 1.1,2.1,3.13.3'®  0.509? 406.39 3768.6 7.34 ok ok ok
Brl 17 1111V GytjaandSandy ~ 1.1-1.3,2.1,33"Y  0.615Y 449.3° 4395.0 10.3 <0001 <0001 N.S. <.0001
IR clay Fkk *kk
1" -11,1vV GyttjaandSandy 1.1-1.3,213.39 0617 449.6" 4298.0 10.3 <.0001 @ <.0001  0.0014 = **
NDVI clay Fkk Fkk *
\/=) CEMI -1,IV GyttjaandSandy 1.1-1.3,2.13.3%29 | 0.614 448.8 4310.0 10.3 <0001 @ <.0001 | 0.0081  <.0001
clay *kk *kk *
\/©) PARND -1,V GyttjaandSandy 1.1-1.3,2.1,3.3% | 0587 463.7) 4150.0 10.6 <0001 | <.0001 | <.0001 | **=*
clay *kk Fkk *kk
Oats K -1l 1V Sandy clay 1.1-1.3, 2.1 0.760% 55.09 3740.0 1.58 <.0001 | <.0001 | <.0001 | <.0001
IR 3.1_3.32-5) Fkk Fkk Fokk
1° -1, IV Sandy clay e 0.756 55.1 3488.7 1.58 <0001 | N.S. N.S. ok
*%kk
|| YNDVIe) 111, IV Sandy clay e 0.056 994.8 3462.0 28.7 <.0001 | <.0001 | N.S. <.0001
*kk *kk
Cereal 0.630 360.6 3958.0 8.16
mean

D Model equations 1.1 2.5 (Table 11Appendix B) applied after SAS REG/Stepwise for linear mod&guation1, Appendix B, [51,52]) and SAS RSREG for polynomial modefgation2,

Appendix B), experimental datasets used, soil types and Growing Zones are listed il @#]n baseline yields {ykg/ha) estimated by the corresponding VGI modléptical data classified with

SatPhenClasalgorithm (Figure 3a,b [37]f The Composite NDVand SAR modeling results are reviewed in [3TGEMI VGI model (Table 1[55]) ® PARw VGI model (Table 1[56-60])  Presented

also in Part PR?linear® R?nonlinear polynomial equatiol RMSElinear? RMSE(kg/ha) norlinear polynomial equativ® Spring cereal (spring wheat, barley, o4t&quation not shown.
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3.3.IntersensoryCalibration Resultsvith NDVI Phenological Spectral Profiles (SHP

Figure 7 displays NDVI based intersensory calibration results between Landsat/TM and Spot/HRV
sensors using?henological Spectral Profile(€SSRy) in different phenological phases,(f, P;) on
clay, coarse and organic soil types. The original radiometrically and geometrically calibrated and
harmonized TM and HR)Meflectance data were classifieith the SatPhenClasalgorithm [37] using
BBCH and Zadoks phenological classes [43,44]. The NDVI values used in the VGI model Il (Table 1,
Table 12, Appendix B) were calculated from the calibrategdnr (8, b, G) and
} rep (8, by, G) reflectance vales.

Figure 7. Landsat/TM and Spot/HRV sensory calibration with NDVIPhenological
Spectral Profile (SSRy) in different pheplogical phaseqP, P, P and soil types

(A) depicts unadjusted Landsat/TM and Spot/HRV2 NDVI valisesspring cereals in

major phenological phases (Pa, Pb, Pc) and soil ty@sdisplays transformed and
enhanced NDVI values in early Pa phase after spring cereal germination and emergence on
logarithmic scale.
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The NDVI values inearly R phase in May(Figure {B)) after germination and emergency is
displayed on logarithmic scale to enhance NDVI vallleggeneral, theNDVI with HRV, and TM
sensors anged between 0.01 and 0.1 in the initiak Bhase during the cereal germination and
emergence on all daiypes the maximum level of 0.03 was obtained with HRW barley cultivars
grown on organic type soil&igure 1B)). In phase Pduring the maximum LAI exposure (LfMdx),
the NDVI increased on 0.60.80 level and was decreased on@30 level in phas Pc after anthesis
and grain filling (Figure A)). In phase Pthe maximunmNDVI level of 0.80 was obtainessingHRV>
sensoron oat cultivargrownon organic soils and respectively in phasth®maximumlevel of 0.55
with TM on oat cultivargrown onclay type soils.

Figure &A1) displaysdigitized TM and HR\, pairwised images from the Porvoo Experimental site
(Kiiala, Dr&sby, Kullogad and Bosgad Experimental Faris June with LAl maximun{Py) and in
July after cereal anthesi{®.). Pairwised corposite imagesvere composed 0f} reppp,cp)} NIR(bp,cp)
reflectance datavhich were used in calculating corresponding NDVI values (Figuréhg) pairwised
Figure8(A,B) illustrates the Kiiala experimental farm with digitized and classified cereal expatahe
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plots used for ground truth sampling (Figu(b)® More specifically, Figure (@) image was composed
of LandsatTM reflectancedata (channels} rep(bp)/} nir(bp) @and correspondinglfigure §B) of Spot
HRV, data (rep(Cp)/} nir(Cp). Respectively Figure 8(C,D) illustrates Drasby Farm, Figure 8(F,G)
Kullogrd Farm and Figure 8(H,l) Bosgad Farm.Figure 8(J) depictsa Spot HR\, compositeimage
(4 reo(cp)/s nir(Cp) from the Jokioinen siten July, Kuuma Experimental area in the middle

Figure 8. Landsat/TMand Spot/HRY pairwisal }rep (bp, Cp)inr (bp,Gy) composite
images from the Porvoo Experimensite in JungP,, Figures 8A,C,F,H)) and July(P:,
Figures 8B,D,G,l)) (© Original DataFinnishGeodetic Institute
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Figure 9displays combinedphenologicallyclusteredLandsat/TMvs. Spot/HRV, NDVI values
averagedover different experimental locationfMe: Mellila Po: Porvoo, Kn Kirkkonummi,
Lp: Lapua, Ku Kuuma, Jk Jokioinen, Figure @)) and soil typegClay, Crs Coarse, Orgorganic )
and clustered to different phenologicatlassegP,, P, F:). In addition alogarithmic scaledjustment
for the initial P, phaseafter germinations displayed to enhance calibrafgfll vs.HRV,; NDVI values
(swh: Figure 9A,B), brl: Figure 9(C,D), oat: Figure 9(E,F). Clustering analysis results indicate that
cereal NDVI values ranged betweer®.01 and 0.lin the initial R phase after germination and



